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INTRODUCTION
Atherosclerosis of human major vessels is often a morphological basis of mortality from cardiovascular diseases. In this pathology intima of arteries is damaged, luminal occlusion occurs and blood supply to organs deteriorates [1] [2] [3] [4] [5] . Atherosclerosis is difficult to recognize in the early stages. Molecular genetic markers could help the diagnostics of this disease. Unfortunately, compared to traditional single risk factors of atherosclerosis, nuclear genome mutations have rather low diagnostic and prognostic significance. The relative risk of one such mutation is 1.06-1. 40 . The total risk of cardiovascular diseases caused due to all known mutations in the nuclear genome is approximately 5% [6] [7] [8] [9] [10] .
According to the literature, a variety of diseases is associated with some mutations in mitochondrial DNA (mtDNA). These mutations often correlate with pathologies which often occur together with atherosclerosis [11] [12] [13] [14] [15] . The penetrance of mtDNA mutations depends on the percentage of normal and mutant copies of genome, i.e. the heteroplasmy level of mitochondrial mutations. That is why, during the analysis of the linkage of mitochondrial genome mutations with human diseases, the value of heteroplasmy level above which in a person begins the occurrence and development of pathologies or begins to show a protective effect caused by mutations is determined. The information about the threshold heteroplasmy level of mitochondrial genome mutations associated with certain diseases, can help in assessing the predisposition and the early diagnosis of these pathologies.
In preliminary studies, a total of 11 of 42 mtDNA mutations associated with different pathologies was found to have an association with atherosclerosis [16] [17] [18] [19] . In view of these facts, the aim of the present article was the detection of threshold heteroplasmy level of mtDNA mutations, above which atherosclerotic lesions were found in patients. Besides, this parameter was detected for mutations, in which after reaching the threshold heteroplasmy level started to appear a protective antiatherogenic effect.
The estimation of the mutations' threshold heteroplasmy level was carried out in the following samples of the study participants: (1) with atherosclerotic plaques; (2) with an increased intima-medial thickness of carotid arteries (IMT CA); (3) with a normal carotid intima.
It should be emphasized that at the present time there are no published studies which have investigated the threshold heteroplasmy level of mitochondrial genome mutations in atherosclerosis. Therefore, this article, dedicated to the identification of this parameter in patients with atherosclerotic lesions in blood vessels' wall, is quite relevant, well-timed and novel.
METHODS

Inclusion criteria
The present research was carried out according to the Helsinki Declaration of 1975 as revised in 1983. It was endorsed by the local ethics committees of the Institute for Atherosclerosis Skolkovo Innovation Center, Moscow, Russia and Research Institute of General Pathology and Pathophysiology, Moscow. Prior to their inclusion in the study, all the study participants gave an informed consent in written form.
The participants in the study were enrolled consecutively from the number of patients at Moscow municipal outpatient clinics No. 202, who were examined for cardiovascular risk factors (mainly arterial blood pressure and blood cholesterol). The investigated sample included 700 study participants. The age of men was over 40-year-old, and the age of women was over 50 [20, 21] . The average age of the participants in the sample was 62.3 years (SD = 8.7), the ratio of men and women was 362:338 (51.7%/48.3%). As a result of ascertaining the clinical diagnosis of atherosclerosis, the sample was divided into 2 groups: (1) conventionally healthy participants without ultrasonographic signs of atherosclerosis (339 people, or 48.4% of the sample); (2) patients without clinical manifestations of atherosclerosis who have ultrasonographic signs of preclinical atherosclerosis: the presence of lesions in the carotid artery lumen (more than 10% of the artery lumen) (361 people, or 51.6% of the sample).
The criteria for exclusion were: anatomical organization of the neck and carotid arteries which prevented qualitative ultrasonography, serious life-threatening diseases and the refusal to sign an informed consent to the investigation. Individuals with a history of, or a diagnoses of the following diseases were excluded from the study: breast cancer or nodal form of mastopathy; stroke or coronary heart disease; liver dysfunction; chronic kidney disease; type 2 diabetes; obesity (body with atherosclerosis. The authors suggest that threshold heteroplasmy levels of these mutations is a new criterion for evaluation of predisposition to the occurrence and development of atherosclerotic lesions in human arteries. mass index > 30 kg/m 2 ); untreated high blood pressure; cigarette smoking; pulmonary embolism or deep vein thrombosis [20, 21] .
The presence of increased IMT CA or atherosclerotic plaques was detected by high-resolution B-mode ultrasound using a SSI-1000 scanner (SonoScape, China) equipped with a 7.5-MHz linear array probe. Carotid ultrasonography was performed by the same researcher throughout the study. The far walls of the right and left common carotid arteries, the bifurcation, the internal and the external carotid arteries were visualized. The c-IMT of the first centimeter of the common carotid artery was measured in three different projections (anterior, posterior and lateral), and analyses carried out with the use of dedicated software M'Ath (Metris, SRL France). The average value of these measures was considered as an integral indicator of intima-medial thickness [22] [23] [24] [25] . The measurements were carried out in accordance with the Mannheim criteria and the criteria of the investigation Improve [26, 27] .
Materials
The materials for the study were blood leukocyte samples of participants. Blood for genetic analysis was taken after an overnight fast in the amount of 9 mL from the ulnar vein in a 10 mL plastic tube containing sodium salt of Na 2 -ethylenediaminetetraacetic (EDTA) acid as an anticoagulant. A mother liquor of 0.1 mol/L Na-EDTA in water (pH 8.0) was used, to which fresh blood was added in a ratio of 9:1 to obtain a final Na-EDTA concentration of 10 mmol/L. Samples were stored at -20 °C.
Procedure
It is noteworthy that in previous research from our laboratory, we haven't found any significant differences in heteroplasmy levels of the investigated mutations between leukocytes and platelets (blood cells having mitochondrial genome), so DNA samples for this study were isolated from whole blood [16] [17] [18] [19] 28] . This method was developed in our laboratory on the basis of technology of Maniatis [29] . For DNA isolation we used a lysis buffer (0.32 mol/L sucrose; 5 mmol/L MgCl 2 ; 100% Triton X-100; 0.01 mol/L Tris-HCl, pH 7.6), and then deproteinization buffer (25 mmol/L EDTA pH 8.0; 75 mmol/L NaCl) and proteinase K solution (20 mg/mL DNA purification from admixtures was carried out using phenol and chloroform. Precipitation of DNA was carried out using isopropanol, followed by washing in ethanol. The DNA precipitate was dissolved in 300 μL of TE buffer (10 mmol/L Tris-HCl, pH 8.0, 1 mmol/L EDTA). The DNA concentration in the obtained sample was identified by nanospectrophotometer IMPLEN NanoPhotometer TM . After measuring the concentration, the DNA samples were stored at -20 °C. For operating with a collection of DNA samples, the samples were diluted in TE buffer to a concentration of 0.03 μg/μL.
The concentration of DNA solution in ng/μL was measured using IMPLEN NanoPhotometer TM nanospectrophotometer with the use of a LabelGuard™ microtubule in "DS DNA" mode at a wavelength of 260 nm [16, 17] .
The DNA samples of the study participants were used for carrying out the polymerase chain reaction (PCR) of fragments containing the region of 11 investigated mutations [11] [12] [13] [14] [15] .
Electrophoresis of isolated DNA samples and PCRfragments was carried out in a horizontal apparatus of Helicon company in agarose gel using 0.5 × tris-borate-EDTA (TBE) buffer. The concentration of agarose ("Fluka") was 0.8% (for DNA samples) and 1.5-2.0% (for PCR-fragments). The gel was stained by the addition of an ethidium bromide solution (0.5 μg/mL). As a colorant, a solution of bromophenol blue (1 μL for 10 μL of sample) was used For the evaluation of molecular weight of the investigated PCR fragments, DNA markers of 1 Kb (13 fragments from 0.25 to 10 Kb) and 100 bp (10 fragments from 100 to 1,000 bp) were used [16] [17] [18] .
For conducting PCR, DNA with a concentration of 0.1 μg/mL diluted with μQ and primers at a concentration of 10 pmol/μL were taken One of the PCR primers was biotinylated with the aim of the subsequent pyrosequencing of the PCR fragment. The study was carried out using amplifier "PTC DNA Engine 200". After that pyrosequencing of PCR fragments was conducted using the apparatus (PSQ96MA) [30] [31] [32] [33] [34] . The pyrosequencing reaction included 4 stages [30] [31] [32] [33] [34] .
Stage 1: the sequence primer was hybridized to a Then, a solution of streptavidin-sepharose was prepared for 1 sample: 40 μL 2 × BB, 3 μL of streptavidinsepharose particles, 7 μL of μQ H 2 O. After that, the mode in the computer program for pyrosequencing was set. Into each test tube, 50 μL of streptavidin-sepharose solution were added, previously shaking it with vortex. Samples were put in a shaker for 5 min. At this time, 39 μL of 1 × AB and 3 μL of corresponding probe primer with a concentration of 2 optical units were added to each well of the pyrosequencing dish and the prepared pyrosequencing dish was placed in the runners of a vacuum sample preparation station. The dishes were placed into the appropriate sample niches in the sample preparation station, the following reagents were poured into all the baths: washing buffer (WB), 0.2 mol/L NaOH, rectified alcohol 70%, μQ H 2 O. The nozzle with filters was placed into the dish with μQ H 2 O and vacuum was switched on at the sample preparation station. In 20 s the nozzle was removed from the dish and dried in an upright position for 10 s. Then the nozzle with filters was placed in the 96-well pyrosequencing plate with samples for 30 s. Then the filters with samples were lowered into reagent dishes: rectified alcohol 70% (for 5 s), then into 0.2 mol/L NaOH (for 5 s), then into WB (for 10 s) and then into μQ H 2 O (for 5 s). Then the nozzle with filters was raised and held in the upright position for 10 s. After this procedure, a nozzle with filters was placed above the pyrosequencing plate (without touching the primer solution with the nozzle filters), the vacuum was turned off and only after that the nozzle filters were lowered into the plate. In 2 min the nozzle with filters was removed from the pyrosequencing plate. The pyrosequencing plate was placed on a thermostat at 80 °C for 2 min. Before placing the plate into the sequencer, it was given time to cool down. During the cooling of the plate, the reagents E (enzyme) and S (substrate) were diluted with μQ H 2 O, E, S, and individual dNTPs were poured into the cuvette, according to the instructions, at the amount indicated for setting the mode for sequencing. After that, the cuvette with the reagents and the samples was put into the sequencer and the program was launched.
The sequences of primers for pyrosequence were given in the article of Sazonova et al. [16] Visualization of the results was carried out with the use of a computer program, which was completed with the pyrosequenator. The heteroplasmy level of every mitochondrial genome mutation was assessed on the basis of the pyrogram of a DNA sample from each study participant, using a formula previously developed by Sazonova et al. [16, 17] with colleagues: P = (h -N)/(M -N) × 100, where "P" is the heteroplasmy percentage of the studied mutations; "h" is the height of the peak of the investigated nucleotide; "N" is the height of the peak single-stranded PCR amplicon, which is used as a template. The obtained fragment was incubated with the following enzymes: DNA polymerase, ATPsulfurylase, luciferase and apyrase; and it was also incubated with the substrate: adenosine-5-phosphosulfate and luciferin.
Stage 2: the first nucleotide was added to the reaction mixture. DNA polymerase completes it to the DNA strand, in accordance with the principle of complementarity. In this case, the reaction is accompanied by the release of pyrophosphate (PPi) in an amount equimolar to the sum of the included nucleotides.
Stage 3: ATP-sulphurylase converts PPi to ATP in the presence of adenosine-5-phosphosulfate. In this case, luciferin is converted into oxyluciferin, which generates visible light in proportion to the amount of ATP. A pyrosequenator detects this light and converts it into the corresponding peak on the pyrogram. The height of each peak is proportional to the intensity of the flash of light, and, consequently, to the number of analyzed nucleotides in the DNA strand. For example, if there is one nucleotide C in a particular position of the DNA strand, a peak corresponding to a single flash will be seen on the pyrogram, and if there are three nucleotides C in succession, a triple flash will be seen (i.e. the peak will be three times higher).
Stage 4: apyrase, a nucleotide-destroying enzyme, constantly removes the remaining nucleotides which were not attached and ATP. Afterwards another nucleotide is added to the reaction mixture.
To carry out the above-described investigation, it was necessary to conduct sample preparation: a mixture of primers for the sequence should be added to the studied single-chain biotinylated PCR-fragments. Streptavidin-sepharose particles were attached to these biotinylated PCR-fragments, which makes it possible to operate with single-strand PCR-fragments using streptavidin interacting with biotin.
The algorithm of sample preparation for pyrosequencing was as follows: (1) of the investigated nucleotide corresponding to the presence of 100% normal copies of the mitochondrial genome in the sample; "M" is the height of the peak of the investigated nucleotide corresponding to the presence of 100% mutant copies of the mitochondrial genome in the sample.
It should be emphasized that, alongside the genetic screening, a number of biochemical indicators was investigated in blood of the study participants: total cholesterol, triglycerides blood sugar level, low and high density lipoproteins [20, 21] .
RESULTS
At the first stage of the study, demographic characteristics of 700 study participants were obtained [ Table 1 ]. The data in this table are presented by means of an average value with the standard deviation (in parentheses).
In the group of conventionally healthy participants, women predominated, while in the group of patients with pre-clinical atherosclerosis, men predominated [ Table 1 ]. Patients with pre-clinical atherosclerosis were characterized by a significantly older age, and also by higher levels of total cholesterol and lowdensity lipoproteins cholesterol in men (P ≤ 0.01). This group showed a tendency to an increase in the frequency of smoking (P ≤ 0.1). In terms of body mass index, blood pressure and triglyceride levels, there were no significant differences between the studied groups.
At the second stage of the study the threshold heteroplasmy level of 11 investigated mutations (m.5178C>A, m.15059G>A, m.652delG, m.13513G>A, m.14846G>A, m.652insG, m.12315G>A, m.3336T>C, m.1555A>G, m.14459G>A and m.3256C>T) in individuals with atherosclerotic plaques or an increased IMT CA was detected. It should be noted that the percentage of mitochondrial genome copies with higher than the threshold level was associated with the occurrence and development of atherosclerotic lesions in patients. At the same time, achieving and exceeding the threshold heteroplasmy level of antiatherogenic mutations is thought to have the effect of lowering incidence of this disease.
The evaluation results of the threshold heteroplasmy level of mutations in atherosclerotic plaques and an increased IMT CA of the carotid arteries of the study participants are shown in Table 2 .
The selection of the optimal threshold heteroplasmy level for each investigated mutation was detected using ROC-curve analysis. It was based on simultaneous maximizing of the sensitivity values (Y-axis) and minimizing the value (1-specificity) (X-axis). The example of such a ROC-curve analysis of a mutation m.12315G>A connection with the occurrence of atherosclerotic plaques in carotid arteries is shown [ Figure 1 and Table 3 ]. Therefore, the threshold heteroplasmy level for mitochondrial genome mutation m.12315G>A was found to be a rather strong predictor of the atherosclerotic plaques occurrence in carotid arteries. The area of a ROC-curve for this mutation was found to be 0.577. The optimal threshold value of heteroplasmy level for m.12315G>A was 10.5% (sensitivity was 0.6; specificity was 0.53).
As can be seen from the Table 2 , the levels of heteroplasmy of investigated mitochondrial mutations in a sample of patients with atherosclerotic plaques and in a sample of patients with an increased IMT CA are approximately the same. It is necessary to mention that during the analysis of all the 11 investigated mutations in patients, it was possible to explain more than 84% of cases of atherosclerotic plaques occurrence and thickening of intima-medial layer of carotid arteries.
DISCUSSION
Atherosclerosis of human major vessels is often a cause of mortality from cardiovascular diseases. In this pathology, the intima of arteries is damaged, luminal occlusion occurs and blood supply to organs deteriorates [1] [2] [3] [4] [5] . Atherosclerosis is difficult to recognize in the early stages. Molecular genetic markers could help the diagnostics of this disease. Unfortunately, compared to traditional single risk factors of atherosclerosis, nuclear genome mutations have rather low diagnostic and prognostic significance.
According to the literature, a variety of diseases is associated with some mutations in mtDNA. These mutations often correlate with pathologies which often occur together with atherosclerosis [11] [12] [13] [14] [15] . The penetrance of mtDNA mutations depends on the percentage of normal and mutant copies of genome, i.e. the heteroplasmy level of mitochondrial mutations. That is why, during the analysis of the linkage of mitochondrial genome mutations with human diseases, the value of heteroplasmy level above which a person begins the occurrence and development of pathologies or begins to show a protective effect of mutations needs to be determined. The information about the threshold heteroplasmy level of mitochondrial genome mutations, associated with certain diseases, can help in assessing the predisposition and the early diagnosis of these pathologies. As a working hypothesis for the present study, we used the monoclonal hypothesis according to which, if a mutation occurs in the mitochondrial genome, the ATP synthesis is disturbed. The cells containing mitochondria with mutant mtDNA begin to suffer a shortage of energy and proliferate unlimitedly. The number of defective mitochondrial genome copies becomes greatly increased. Finally a mutation reaches the threshold heteroplasmy level and the pathological process starts. This results in the occurrence and development of atherosclerotic lesions. When the threshold heteroplasmy level is reached by antiatherogenic mutations, they begin to show a protective effect. That is why, in people with a high heteroplasmy level for antiatherogenic mutations, atherosclerosis is absent.
For heteroplasmy level evaluation of investigated samples, a new original method of quantitative assessment of mutant allele in mitochondrial genome, based on pyrosequencing technology, was developed by the author and her colleagues [16] . With the use of this method, it is possible to measure the heteroplasmy level of both hereditary and somatic mitochondrial genome mutations, occurring during the lifetime of an individual or in pathologic processes. The method of quantitative assessment of the mutant allele of mitochondrial genome has a number of significant advantages compared to other quantitative methods such as invasive cleavage of the oligonucleotide probe (Invader), high-performance liquid chromatography, heteroduplex analysis, the analysis of heteroplasmy using Surveyor nuclease, ARMS, SNaPshot, HRM, TGGE, Sanger sequencing, NGS using 454/Roche equipment, Applied Biosystems SOLiD, Illumina equipment series used for the analysis of mutations [35] [36] [37] [38] [39] .
Pyrosequencing has the smallest number of defects and the greatest number of advantages, compared to other methods of measuring the percentage of heteroplasmy of mitochondrial genome [40] [41] [42] [43] [44] . It provides a unique opportunity to analyze a very short DNA fragment containing the region of the investigated mutation. The size of such a DNA fragment is, on average, 5-10 bp, it significantly reduces the probability of mistakes made during the analysis. As a result, the method developed by the author with colleagues, based on pyrosequencing technology, can serve as the "gold standard" for all other methods of determining the percentage of mitochondrial genome heteroplasmy and it should be used to verify the heteroplasmy level of mutations detected by other methods.
With the aim of subsequent molecular genetic diagnosis of atherosclerosis in blood cells of the study participants, the threshold value of the heteroplasmic percentage for each mutation was detected, after which the occurrence and development of atherosclerotic lesions begins in an individual, and for anti-atherogenic mutations, an antipathological effect begins to manifest. It should be emphasized that the choice of the optimal threshold value was based on simultaneous maximization of sensitivity and specificity. The revealed good agreement of the threshold heteroplasmy percentage value in the 11 mitochondrial genome mutations for atherosclerotic plaques and the thickening of the carotid intimal-medial layer can be indicative of general pathophysiological mechanisms of the formation of lesions in intimal carotid arteries.
The investigated mutations are localized in the coding region of mitochondrial genome. Let's consider each of them.
Mutation m.652delG was localized in the MT-RNR1 gene. It causes a structural defect of the 12S rRNA subunit, which can lead to a partial or complete dysfunction of the mitochondrial ribosome. A consequence of this mutation may be a decrease in synthesis of protein subunits of the enzymes of the mitochondrial respiratory chain. As a result, the synthesis of ATP may decrease, leading to an energy failure in the mitochondria and intimal cells of arteries. It can, as a compensatory mechanism, lead to unlimited proliferation of mitochondria and cells. The result of this process can be the occurrence of atherosclerotic plaques and thickening of the intima-medial layer of human arteries.
Probably, mutation m.652insG (MT-RNR1 gene) associated with the absence of atherosclerosis stabilizes subunit 12S of rRNA and improves the functions of ribosomes. Perhaps, in case of occurrence of this insertion, the synthesis of protein chains in enzymes of mitochondrial respiratory chains increases. It leads to an increase in the synthesis of ATP and protects mitochondria and cells from oxidative stress. Therefore, this mutation can perform protective functions.
Mitochondrial genome mutation m.1555A>G is also encoded by MT-RNR1 gene.The mutation has an antiatherogenic effect. It also leads by far the most to the stabilization of the mitochondrial ribosome.
In case of a single-nucleotide substitution of m.3256C>T (MT-TL1 gene), transport RNA-Leucine dysfunction (recognition codon UUR) can occur. If leucine is the last in the protein subunit of the enzyme, then without this tRNA, the protein cannot be separated from the ribosome. It can lead to a dysfunction of some ribosomes in mitochondria and to a decrease in synthesis of respiratory chain enzymes.
Single nucleotide substitution m.3336T>C (MT-ND1 gene) is a silent mutation. In case of its occurrence, there is no replacement of the amino acid in the first protein subunit of NADH dehydrogenase. Meanwhile, the mutation is associated with atherosclerotic lesions. Probably, this mutation is linked to an atherogenic haplotype.
Mutation m.5178C>A (MT-ND2 gene) results in the replacement of an amino acid (Leu>Met). Although in some earlier literary sources [45] it is reported that m.5178C>A is anti-atherogenic, in this study, in a sample of 700 study participants, the association of this mutation with atherosclerotic lesions was found. Probably in earlier studies, an undersampling has played a role.
The single nucleotide replacement of guanine by adenine at the position of the mitochondrial genome 12315 results in a change in the tertiary structure of the transport RNA-Leu (recognition codon CUN). It can lead to a dysfunction of this tRNA, leading to a decrease in synthesis of the protein chains in respiratory chain enzymes, which contain amino acid leucine.
Mutation m.13513G>A leads to the replacement of the amino acid (Asp>Asn) in the 5th protein subunit of the respiratory chain enzyme NADH-dehydrogenase. Perhaps, as a result of this mutation, the efficiency of complex 1 of the respiratory chain, leading to an increase in the production of energy in the cell, is improved. Our research team discovered the antiatherogenic effect of this mutation.
Mutation m.14459G>A (MT-ND6 gene) results in amino acid substitution (Ala>Val) at position 72 of the 6th protein subunit of NADH dehydrogenase. Probably, this mutation causes a defect in the enzyme, leading to the appearance of atherosclerotic lesions.
The single nucleotide substitution m.14846G>A (MT-CYTB gene) results in the amino acid substitution (Gly>Ser) of cytochrome B. Probably, this mutation stabilizes the complex of the III respiratory chain, into which this cytochrome is included. The result of this mutation may be an increase in the synthesis of ATP in the cell. It can protect cells and tissues from the occurrence of atherosclerosis.
Mutation m.15059G>A, localized in the MT-CYTB gene, leads to a formation of a stop codon. This stops the synthesis of cytochrome B, which becomes 244 amino acids shorter. Perhaps, this mutation leads to the dysfunction of complex III of the respiratory chain. As a result of this process, atherosclerotic lesions can develop in the cells and arteries in general.
It is necessary to note the novelty and uniqueness of this study. According to the analysis of literary sources, there is not any scientific article in the world where the threshold heteroplasmy level of mitochondrial genome mutations and their association with predisposition to atherosclerosis has been studied. In addition, there are not any similar works for other human diseases either. Information about the threshold heteroplasmy level in mitochondrial genome mutations, associated with atherosclerosis and its risk factors, can help in assessing the predisposition and the early diagnostics of these pathologies. The obtained data can be used to create test systems for atherosclerosis diagnostics.
In conclusion, the article dedicated to detection of a threshold heteroplasmy level of mitochondrial genome mutations in patients with atherosclerotic lesions in blood vessels, is quite relevant and well-timed. This work is characterized by a high degree of novelty, because similar works in world literature are absent. Using the method, developed in our laboratory [16, 17] , we managed to determine threshold heteroplasmy levels of 11 mitochondrial genome mutations associated with atherosclerosis. We suppose that threshold heteroplasmy levels of these mutations is a new criterion for evaluation of predisposition to the occurrence and development of atherosclerotic lesions in human arteries. 
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